Cancer-induced bone pain (CIBP) is a frequent complication in patients suffering from bone metastases. Previous studies have demonstrated a pivotal role of reactive oxygen species (ROS) in inflammatory and neuropathic pain, and ROS scavengers exhibited potent antinociceptive effect. However, the role of spinal ROS remains unclear. In this study, we investigated the analgesic effect of two ROS scavengers in a well-established CIBP model. Our results found that intraperitoneal injection of N-tert-Butyl-α-phenylnitrone (PBN, 50 and 100 mg/kg) and 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (Tempol, 100 and 200 mg/kg) significantly suppressed the established mechanical allodynia in CIBP rats. Moreover, repeated injection of PBN and Tempol showed cumulative analgesic effect without tolerance. However, early treatment with PBN and Tempol failed to prevent the development of CIBP. Naive rats received repetitive injection of PBN and Tempol showed no significant change regarding the nociceptive responses. Finally, PBN and Tempol treatment notably suppressed the activation of spinal microglia in CIBP rats. In conclusion, ROS scavengers attenuated established CIBP by suppressing the activation of microglia in the spinal cord.
Introduction
Cancer-induced bone pain (CIBP) is a frequent complication in patients suffering from bone metastases [1, 2] . Currently, the World Health Organization (WHO) analgesic ladder remains the golden standard for the management of CIBP in clinic [3, 4] . However, current therapeutic strategies often provided inadequate pain relief and are associated with numerous unavoidable side effects which limit their prolonged application [5, 6] . Despite marked advance has been made regarding the mechanisms of CIBP, few effective drugs has been developed for the management of CIBP in the past decades. Therefore, further investigations are warranted to uncover the underlying mechanisms of CIBP.
Reactive oxygen species (ROS) are produced as a natural byproduct of normal metabolism and play an important role in cell signaling and homeostasis [7] . There are many types of ROS including hydroxyl radicals, superoxide radicals, nitric oxides, hydrogen peroxides and peroxynitrites [8] . Under normal conditions, the production of ROS is tightly regulated by antioxidant defense systems [9] . However, excessive ROS levels due to increased ROS production and/or decreased antioxidant defense ability leads to lipid peroxidation, protein oxidation, and nucleic acid oxidation [10] . Recently, emerging evidence suggested that ROS scavengers showed potent analgesic effect in rodent models of inflammatory pain and neuropathic pain [11] [12] [13] [14] . However, the role of ROS in CIBP remains largely unknown. Therefore, the present study examined the antinociceptive effect of two ROS scavengers in a well-established CIBP model. the tibial cavity using a 10 μL Hamilton syringe. 10 μL PBS was injected instead of tumor cells for the sham group. The injection site was sealed with bone wax once the syringe was removed. Finally, the wound was sealed with 3-0 silk thread.
Drug administration
N-tert-Butyl-α-phenylnitrone (PBN) and 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (Tempol) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in 0.9% saline. The dose of drugs was chosen according to our preliminary results and previous reports [17, 18] . To determine whether ROS scavengers could alleviate CIBP in advanced phase, a single dose of PBN (10, 50, 100 mg/kg, i.p.) or Tempol (10, 100, 200 mg/kg, i.p.) was given on day 14 (14 days) after the establishment of CIBP models. To determine whether repetitive treatment with ROS scavengers had a cumulative analgesic effect on CIBP, PBN (100 mg/kg, i.p.) or Tempol (200 mg/kg, i.p.) was given once daily from 14 days to 18 days. To determine whether early treatment with ROS scavengers could suppress the development of CIBP, PBN (100 mg/kg, i.p.) or Tempol (200 mg/kg, i.p.) was given once daily from 1 days to 5 days. To determine whether ROS scavengers could affect the mechanical sensitivity of naive rats, PBN (10, 50, 100 mg/kg, i.p.) or Tempol (10, 100, 200 mg/kg, i.p.) was given once daily for 5 consecutive days.
Behavioral tests
Mechanical allodynia was evaluated by measuring ipsilateral hind paw withdrawal threshold (PWT) in response to von Frey filament stimuli as described previously [19, 20] . Briefly, animals were put in individual chambers on a metal mesh floor and allowed to habituate for 30 min. Von Frey filaments were applied to the mid-plantar of the right hind paw for 6 s per filament or until paw withdrawal in ascending order of forces (1, 1.4, 2, 4, 6, 8, 10, and 15 g), starting at 2 g von Frey filament. Positive responses were defined as abrupt paw withdrawal, lickings, and shaking. Once a positive response occurred, the paw was re-tested after a 5 min rest, starting with the next lower von Frey filament. Once no response was observed, the next higher von Frey filament was applied after a 5 min rest. The PWT was defined as the lowest force (in grams) required to elicit a positive response. The investigator who performed the behavioral tests were blinded to the experimental design.
Immunohistochemistry
Briefly, rats were deeply anesthetized with pentobarbital sodium (60 mg/kg, i.p.) and then intracardially perfused with PBS followed by 4% ice-cold paraformaldehyde (PFA). The L4-L5 segments of spinal cord were removed and post-fixed using the same fixative. The embedded samples were sectioned 20 µm thick in a cryostat (CM1900, Leica, Germany). The sections were penetrated with 0.3% Triton X-100 for 15 min and blocked with 10% donkey serum for 1 h at room temperature (RT). Then, the sections were incubated with goat anti-ionized calcium-binding adapter molecule 1 (Iba1) antibody (microglial marker; 1:300; ab5076; Abcam) overnight at 4°C. After been washed three times in PBS, the sections were incubated with Alexa Fluor 594-conjugated donkey anti-goat secondary antibody (1:500; 705-585-003; Jackson ImmunoResearch) for 2 h at RT. The sections were then captured using a fluorescence microscope (DM2500, Leica, Germany). The Iba1-immunolabeled surface areas were measured in laminae I-IV of the spinal cord dorsal horn using Image Pro Plus software as described previously [15] . Quantification of the immunoreactivity was accomplished by calculating the percentages of immunostaining ([positive immunofluorescent surface area]/[total measured picture area] × 100). Four rats of each group were used for statistical analysis. The investigator performed the image analyses was blinded to the experimental design.
Statistical analysis
Data are expressed as mean ± SEM and analyzed using the GraphPad Prism version 5.01 for Windows (Graph Pad Software, San Diego, CA, USA). One-way analysis of variance (ANOVA) followed by Bonferroni post hoc test was used for immunochemistry data. Two-way ANOVA with repeated measures, followed by Bonferroni post hoc test was used for PWT. p < 0.05 was considered statistically significant.
Results

Mechanical allodynia induced by intratibial injection of Walker 256 cells
In this study, we used a well-established rat model of CIBP by intratibial injection of Walker 256 cells. To observe the development of mechanical allodynia, ipsilateral PWTs were evaluated at baseline and 3 days, 7 days, 14 days and 21 days. Similar baseline PWTs were observed among all groups. As shown in Fig. 1 , the PWTs of ipsilateral hind paw were significantly decreased from 7 days to 21 days in CIBP rats. In contrast, naive and sham rats showed no significant change in PWTs during the 21-day observation period. These results indicate that mechanical allodynia is developed after intratibial injection of Walker 256 cells.
Analgesic effect of a single dose of PBN on established CIBP
To determine whether PBN could alleviate CIBP in advanced phase, a single dose of PBN (10, 50, 100 mg/kg, i.p.) was given on 14 days. The ipsilateral PWTs were significantly decreased from day 7 to day 21 after surgery in CIBP rats (***p < 0.001 compared with the naive group, n = 6 in each group). In contrast, naive and sham rats showed no significant change in PWTs during the 21-day observation period.
The behavioral tests were conducted at 0, 0.5, 1, 2, 4 and 6 h after PBN injection. As shown in Fig. 2 , i.p. injection of PBN at the dose of 10 mg/ kg had no significant effect on the PWTs compared with that of the vehicle group. However, i.p. injection of PBN at the dose of 50 and 100 mg/kg markedly increased the PWTs in CIBP rats, indicating alleviation of CIBP. The upregulation of PWTs began at 0.5 h, peaked at 1 h and lasted for at least 6 h. Moreover, significant differences were found between the groups (50 mg/kg vs 100 mg/kg), indicating that the antinociceptive effects of PBN are dose-dependent. These results suggest that a single injection of PBN could attenuate established CIBP in a dose-dependent manner.
Analgesic effect of repeated administration of PBN on established CIBP
To determine whether repetitive treatment with PBN had a cumulative analgesic effect on CIBP, PBN (100 mg/kg, i.p.) was given once daily from 14 days to 18 days. The behavioral tests were conducted at 13 days and 1 h after PBN injection from 14 days to 18 days. As shown in Fig. 3 , repeated injection of PBN (100 mg/kg, i.p.) notably reversed the mechanical allodynia in CIBP rats without signs of tolerance since the analgesic effect of PBN was similar during the treatment period. In contrast, CIBP rats treated with vehicle showed no significant change in PWTs. These results suggest that repetitive administration of PBN (100 mg/kg, i.p.) produce cumulative analgesic effect on CIBP without tolerance.
Preventive effect of early treatment with PBN on the development of CIBP
To determine whether early treatment with PBN could suppress the development of CIBP, PBN (100 mg/kg, i.p.) was given once daily from 1 days to 5 days. The behavioral tests were conducted at baseline and 7 days. As shown in Fig. 4 , CIBP rats treated with PBN and vehicle showed significantly decreased PWTs at 7 days. Moreover, no significant difference was observed between the groups (CIBP + Vehicle vs CIBP + PBN). These results suggest that early treatment with PBN (100 mg/kg, i.p.) from 1 days to 5 days fail to prevent the development of mechanical allodynia in CIBP rats.
Analgesic effect of a single dose of Tempol on established CIBP
Given that the mechanical allodynia in CIBP rats could be substantially alleviated by a non-specific ROS scavenger, we next examined the analgesic effect of a superoxide selective scavenger Tempol. To determine whether Tempol could attenuate CIBP in advanced phase, a single dose of Tempol (10, 100, 200 mg/kg, i.p.) was given on 14 days. The behavioral tests were conducted at 0, 0.5, 1, 2, 4 and 6 h after Tempol injection. Compared with vehicle group, i.p. injection of Tempol at the dose of 10 mg/kg had no significant effect on the PWTs (Fig. 5) . However, i.p. injection of Tempol at the dose of 100 and 200 mg/kg notably upregulated the PWTs in CIBP rats, beginning at 0.5 h, peaking at 1 h and lasting for at least 2 h. Moreover, significant differences were found between the groups (100 mg/kg vs 200 mg/kg), indicating that the analgesic effects of Tempol are dose-dependent. These results suggest that a single injection of Tempol could attenuate established CIBP in a dose-dependent manner. (10, 50 , 100 mg/kg, i.p.) was given on day 14 after surgery. The behavioral tests were conducted at 0, 0.5, 1, 2, 4 and 6 h after PBN injection. PBN (i.p., 50 and 100 mg/kg) markedly increased the PWTs in CIBP rats, beginning at 0.5 h, peaking at 1 h and lasing for at least 6 h (*p < 0.05, **p < 0.01, ***p < 0.001 compared with the vehicle group, #p < 0.05 compared with the group treated with PBN 50 mg/kg, n = 6 in each group). However, i.p. injection of PBN at the dose of 10 mg/kg had no significant effect on the PWTs compared with that of the vehicle group (p > 0.05). Fig. 3 . Analgesic effect of repeated intraperitoneal administration of N-tert-Butyl-α-phenylnitrone (PBN) on established cancer-induced bone pain (CIBP). PBN (100 mg/kg, i.p.) was given once daily from day 14 to day 18 after surgery. The behavioral tests were conducted at 13d and 1 h after PBN injection from day 14 to day 18. Repeated injection of PBN (100 mg/kg, i.p.) notably reversed the mechanical allodynia in CIBP rats without signs of tolerance (###p < 0.001 compared with the CIBP + vehicle group). In contrast, CIBP rats treated with vehicle showed no significant change in PWTs (***p < 0.001 compared with the sham + vehicle group). PBN (100 mg/kg, i.p. ) was given once daily from day 1 to day 5. The behavioral tests were conducted at baseline and 7 days. CIBP rats treated with PBN and vehicle showed significantly decreased PWTs at 7d. Moreover, no significant difference was observed between the groups (CIBP + Vehicle vs CIBP + PBN, p > 0.05). 
Analgesic effect of repeated administration of Tempol on established CIBP
To determine whether repetitive treatment with Tempol had a cumulative analgesic effect on CIBP, Tempol (200 mg/kg, i.p.) was given once daily from 14 days to 18 days. The behavioral tests were conducted at 13 days and 0.5 h after Tempol injection from 14 days to 18 days. As shown in Fig. 6 , repeated injection of Tempol (200 mg/kg, i.p.) obviously suppressed the mechanical allodynia in CIBP rats without signs of tolerance since the analgesic effect of Tempol was similar during the treatment period. In contrast, CIBP rats treated with vehicle showed no significant change in PWTs. These results suggest that repetitive administration of Tempol (200 mg/kg, i.p.) produce cumulative analgesic effect on CIBP without tolerance.
Preventive effect of early treatment with Tempol on the development of CIBP
To determine whether early treatment with Tempol could suppress the development of CIBP, Tempol (200 mg/kg, i.p.) was given once daily from 1 days to 5 days. The behavioral tests were conducted at baseline and 7 days. As shown in Fig. 7 , CIBP rats treated with Tempol and vehicle showed significantly decreased PWTs at 7 days. Moreover, no significant difference was observed between the groups (CIBP + Vehicle vs CIBP + Tempol). These results suggest that early treatment with Tempol (200 mg/kg, i.p.) from 1 days to 5 days fail to prevent the development of mechanical allodynia in CIBP rats.
Effect of ROS scavengers on mechanical sensitivity in naive rats
To determine whether ROS scavengers could affect the mechanical sensitivity of naive rats, PBN (10, 50, 100 mg/kg, i.p.) or Tempol (10, 100, 200 mg/kg, i.p.) was given once daily for 5 consecutive days. The behavioral tests were conducted at baseline and 30 min after drug administration at 1 days and 5 days. As shown in Fig. 8A , the PWTs in naive rats showed no significant change after consecutive administration of PBN (10, 50, 100 mg/kg, i.p.) for 5 days. A similar phenomenon was observed in naive rats treated with Tempol (10, 100, 200 mg/kg, i.p.). These results suggest that i.p. injection of ROS scavengers do not affect the mechanical sensitivity in naive rats.
Effect of ROS scavengers on spinal microglia activation in CIBP rats
To determine whether ROS scavengers could suppress the activation of microglia in the spinal cord under CIBP condition, PBN (100 mg/kg, i.p.) or Tempol (200 mg/kg, i.p.) was given once daily from 14 days to 18 days. The rats were sacrificed 30 min after the last injection. Immunohistochemistry was used to evaluate the activation of microglia in the spinal cord. The Iba1-positive cells in CIBP rats treated with vehicle ( Fig. 9B and F) showed obviously increased immunoreactivity and microgliosis compared with naive rats (Fig. 9A and E) . Treatment with PBN (100 mg/kg, i.p., Fig. 9C and G) or Tempol (200 mg/kg, i.p., Fig. 9D and H) notably suppressed the activation of microglia in CIBP rats. These results suggest that ROS scavengers could suppress the activation of microglia in the spinal cord under CIBP condition.
Discussion
In this study, we demonstrated that (1) i.p. injection of a non-specific ROS scavenger PBN reversed the established mechanical allodynia in CIBP rats, (2) and Tempol failed to prevent the development of mechanical allodynia in CIBP rats, (5) treatment with PBN and Tempol suppressed the activation of microglia in the spinal cord. Taken together, these results provide the first direct evidence that ROS scavengers are effective in alleviating CIBP in rats.
The involvement of ROS in the pathogenesis of inflammatory pain [21, 22] and neuropathic pain [23, 24] has been repeatedly reported. Moreover, ROS scavengers, superoxide dismutase (SOD) mimetic compound and antioxidants have been demonstrated to exhibit potent analgesic effect in rodent pain models [25] [26] [27] [28] . However, the role of ROS in the development and maintenance of CIBP has not been reported. In the present study, we found that i.p. injection of PBN 100 mg/kg, a non-specific ROS scavenger, alleviated the established mechanical allodynia in CIBP rats for at least 6 h (Fig. 2) . Moreover, repetitive administration of PBN (i.p., 100 mg/kg) for 5 days from 14 days to 18 days almost completely reversed established mechanical allodynia in CIBP rats without tolerance (Fig. 3) . It is noteworthy to mention that Fidanboylu et al. reported that repeated PBN administration showed analgesic tolerance in paclitaxel-induced painful neuropathy [29] . The discrepancy may be due to different animal model, sex and experimental design. Given that the mechanical allodynia in CIBP rats could be substantially alleviated by a non-specific ROS scavenger, we also examined the analgesic effect of a superoxide selective scavenger Tempol. Similarly, i.p. injection of Tempol 200 mg/kg attenuated the established mechanical allodynia in CIBP rats for at least 2 h (Fig. 5) . Likewise, repetitive administration of Tempol (i.p., 200 mg/kg) for 5 days from 14 days to 18 days produced cumulative analgesic effect on CIBP (Fig. 6) . Our results also demonstrated that PBN exhibited stronger analgesic potency and longer duration time compared with that of Tempol. Therefore, we may conclude that the maintenance of CIBP are not the result of overproduction of superoxide anion alone.
Previously, several studies have reported that ROS also contributed to the development of neuropathic pain since early treatment with ROS scavengers almost completely blocked the onset of mechanical allodynia [17, 18, 29] . To determine the prophylactic effect of ROS scavengers on CIBP, PBN (100 mg/kg, i.p.) or Tempol (200 mg/kg, i.p.) was given once daily from 1 days to 5 days. Unexpectedly, both PBN and Tempol failed to prevent the development of CIBP (Figs. 4 and 7) . The reasons remain to be elucidated. Although CIBP share some common mechanisms with inflammatory and neuropathic pain, there are distinctive aspects underlying the mechanisms of CIBP. Previous studies have demonstrated that early activation of microglia in the spinal cord contributed to the development rather than the maintenance of neuropathic pain [30, 31] . However, our recent study and others demonstrated that the marked spinal activation of microglia was not observed at 7 days (early phase), but at 14 days (advanced phase) and 21 days (late phase) in CIBP rats [32] [33] [34] . Moreover, early repeated administration of minocycline, a selective microglia inhibitor, failed prevent the development of CIBP [33] . Additionally, upregulation of ROS mainly occurred in neuron and microglia [13] . Therefore, it is possible that ROS scavengers may alleviated established CIBP by inhibiting the activation of spinal microglia. To confirm this hypothesis, we treated CIBP rats with PBN (100 mg/kg, i.p.) or Tempol (200 mg/ kg, i.p.) once daily for 5 days from 14 days to 18 days. As expected, our immunohistochemistry results showed that both PBN and Tempol notably suppressed the activation of microglia in the spinal cord (Fig. 9) . Finally, to determine whether ROS scavengers could affect the mechanical sensitivity of naive rats, PBN (10, 50, 100 mg/kg, i.p.) or Tempol (10, 100, 200 mg/kg, i.p.) was given once daily for 5 consecutive days. Our behavioral study showed that i.p. injection of ROS scavengers do not affect the mechanical sensitivity in naive rats (Fig. 8) .
Although emerging evidence demonstrating the critical role of ROS in pain facilitation, the exact primary source of ROS production under different pain models remains elusive. There are multiple sources of ROS production in the central nervous system such as mitochondria, NADPH oxidase, nitric oxide synthase, etc [35] . Previously, Park et al. reported that ROS was primarily produced in the mitochondria of dorsal horn neurons using a neuropathic pain model established by L5 spinal nerve ligation [36] . In another study, Schwartz et al. found that ROS accumulation was also observed primarily in the mitochondria of dorsal horn neurons after intradermal capsaicin injection in mice [37] . Their further study demonstrated that mitochondrial antioxidant superoxide dismutase (SOD-2) was a critical determinant for mitochondrial ROS accumulation in the neurons and subsequent capsaicin-induced secondary hyperalgesia [38] . Moreover, increased production of mitochondrial ROS by intrathecal injection of electron transport complex inhibitors induced pain behaviors in naive mice [39] . These studies indicated an important role of mitochondrial ROS in the neurons in nociception. In a rat model of neuropathic pain produced by T10 spinal cord injury, Gwak et al. found increased ROS production in neurons and microglia in the L4-L5 spinal cord dorsal horn [13] . Additionally, they demonstrated that ROS contributed to neuropathic pain and locomotor dysfunction via activation of neuronal calcium/calmodulin-dependent protein kinase II (CaMKII) by phosphorylation. A recent study performed by Kallenborn-Gerhardt et al. provided evidence that NADPH oxidase 4 (Nox4) was expressed in a subset of nonpeptidergic nociceptors and myelinated dorsal root ganglia (DRG) neurons, and mice lacking Nox4 showed attenuated injury-induced ROS production and neuropathic pain [40] . Interestingly, Kim et al. demonstrated that Nox2-derived ROS in spinal cord microglia was a significant driver of peripheral nerve injury-induced neuropathic pain [41] . In this study, we demonstrated that ROS scavengers could suppressed the activation of microglia in the spinal cord of CIBP rats (Fig. 9) . However, whether microglia is the major source of ROS under CIBP condition and how ROS are involved in CIBP remain to be elucidated.
In summary, this study demonstrated that i.p. injection of PBN and Tempol significantly suppressed established mechanical allodynia in CIBP rat, and repetitive administration showed cumulative analgesic effect without tolerance. However, early treatment with PBN and Tempol failed to prevent the development to CIBP. The analgesic effect of PBN and Tempol on advanced CIBP might be due to suppression of the activation of microglia in the spinal cord. We, thus, conclude that ROS are involved in the maintenance rather than the initiation of CIBP, and ROS scavengers might be useful in attenuating established CIBP in clinic.
